Introduction
The formation of C-C and C-heteroatom bonds plays a fundamental role in organic transformations, and C-C cross-coupling reactions are among the most powerful tools for the construction of new C-C bonds. [1] [2] [3] In this context, nickel catalysts have been commonly used for more than four decades in crosscoupling reactions such as Negishi, Kumada and Suzuki couplings. [4] [5] [6] [7] [8] [9] The most common oxidation states involved in these catalytic transformations are Ni 0 , Ni I , and Ni II , although more recent studies show that Ni III and Ni IV oxidation states can also play a role in C-C bond formation. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] By comparison, stoichiometric and catalytic Ni-mediated C-heteroatom bond formation reactions have been developed mostly in the past two decades.
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In the past several years we have employed tetradentate pyridinophane ligands to stabilize uncommon organometallic Pd III/IV and Ni III/IV complexes, [37] [38] [39] [40] [41] [42] [43] [44] which can undergo C-C and C-heteroatom bond formation reactions. In addition, we have recently reported the use of the ligand 1,4,7-trimethyl-1,4,7-triazacyclonane (Me 3 tacn) to stabilize high-valent Ni III/IV complexes that undergo C-C and C-heteroatom bond formation reactions. 35 With this ligand, small amounts of C-O bond formation products ($5%) were observed upon oxidation of (Me 3 tacn)Ni II (CH 2 CMe 2 -o-C 6 H 4 ) with O 2 . 35 Herein, we report the use of modied pyridinophane ligands that directly affects that stability and reactivity of the corresponding high-valent Ni complexes. We tested the effect of the amine N-substituents by replacing the methyl groups with a more electron-withdrawing toluenesulfonyl (tosyl, Ts) group or a bulkier tert-butyl (tBu) group. By employing a Ni-cycloneophyl structure motif, we have been able to isolate Ni III species and also perform uncommon oxidatively-induced C-C and C-O bond formation reactions using O 2 or H 2 O 2 as the oxidants. The ability to control the relative reactivity of C-C vs. C-heteroatom bond formation should have important implications in various organic transformations.
Results and discussion
Synthesis and characterization of Ni II/III complexes (  Ts N4) and
were synthesized according to literature procedures. 45, 46 With these ligands a series of cycloneophyl complexes were synthesized through a ligand exchange of (py) 2 Ni II (cycloneophyl).
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The , and simulation of the experimental spectrum suggests this impurity amounts to $5% of the entire EPR signal. Complex 4 + also exhibits a rhombic EPR signal, with superhyperne coupling to two axial N donors in the g z direction (A 2N ¼ 11 G), suggesting that the N-t-butyl groups interact with the Ni center to a greater extent than the N-Ts groups in 3 + .
C-C and C-X bond formation reactivity of ( R N4)
With the new ( R N4)Ni II (cycloneophyl) complexes in hand, we set out to probe their reactivity in C-C and C-heteroatom bond formation reactions. First, we studied the oxidation of complexes 1-4 with 1-uoro-2,4,6-trimethylpyridinium triate (NFTPT), 5-(triuoromethyl)dibenzothiophenium triuoromethanesulfonate (TDTT), xenon diuoride (XeF 2 ) and (diacetoxyiodo)benzene (PhI(OAc) 2 ), since these oxidants have been commonly employed in high-valent transition metal chemistry, including Ni complexes. 18, 19, [51] [52] [53] [54] While no C-heteroatom bond formation was detected, the C-C coupled product 1,1-dimethylbenzocyclobutene was obtained in various yields (Table 2) . 50 Comparing the reactivity of complexes 1-4, it appears that the presence of electron withdrawing N-Ts groups leads to higher C-C product yields, with up to 99% conversion Scheme 1 Synthesis of ( RR 0 N4)Ni(cycloneophyl) complexes. observed when 3 was oxidized with XeF 2 . This reactivity trend is likely due to the coordination of the amine arms to create a sixcoordinate high-valent Ni species that is less reactive towards reductive elimination than a ve-or four-coordinate Ni species formed in the presence of the ligands with weakly interacting NTs groups. Since the reagents employed above are considered to usually act as two-electron oxidants, we tentatively propose the formation of transient ( R N4)Ni IV (cycloneophyl) species that then undergo C-C reductive elimination to generate the 1,1-dimethylbenzocyclobutene product and a ( R N4)Ni II -bis-solvento species, similar to what we observed recently for the (Me 3 tacn) Ni IV (cycloneophyl) system.
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We have also investigated the oxidation of complexes 1-4 with O 2 and H 2 O 2 . The use of O 2 and H 2 O 2 as an oxidant obviates the requirement for strong and hazardous oxidants which generate undesired stoichiometric byproducts, and thus making O 2 and H 2 O 2 "greener" reagents for C-C and C-O bond formation reactions. The exposure of solutions of complexes 1-4 to O 2 quickly generates orange or red solutions. To our delight, heating these reaction mixtures for 14 hours at 70 C followed by acidic workup and GC-MS analysis reveals the formation of C-O bond formation products. For example, oxidation of 1 and 3 with O 2 generates C-O bond formation products in 12-17% combined yield, while complex 2 shows up to 41% combined yield of C-O products (Table 3) . By comparison, no C-O bond formation was formed for 4, suggesting that the steric bulk of the tert-butyl groups precludes exogenous reactivity, and thus 4 was not employed in any further reactivity studies. The GC-MS analysis also conrmed the presence of C-C coupled product 1,1-dimethylbenzocyclobutene for all four complexes, with up to 69% yield observed for 3. In addition, the oxidants H 2 O 2 and m-chloroperoxybenzoic acid (mCPBA) are also capable of promoting C-C and C-O bond formation, although lower C-O product yields were observed, 50 likely due to the formation of more stable high-valent Ni species that undergo reductive elimination more slowly or undergo unspecic decomposition (see below). The lower C-O and C-C bond formation product yields might be attributed to the presence of water in the H 2 O 2 solution that likely leads to unspecic decomposition of the high-valent Ni species before being able to undergo reductive elimination. 50 Overall, complex 2 seems to be the optimal system to generate the highest yields of C-O products, likely by providing the sweet spot of stability vs. reactivity to allow for the oxidation by O 2 , and the formation of high-valent Ni species that persists long enough to undergo C-O reductive elimination.
To further probe the mechanism of oxidation, the reaction of ( R N4 While we cannot unambiguously assign the structure of these species, 50 they are strongly suggesting an inner-sphere aerobic oxidation mechanism that eventually leads to formation of the detected C-O bond formation products. Fig. 3 ). 50 The decay of the two transient species leads to the formation of a persistent species that likely corresponds to a hydroxylated Ni-cycloneophyl species (C, m/z 614.1856). This Ni III species C is then proposed to undergo reductive elimination to form a cationic Ni I species E, which was detected by ESI-MS, and the cyclized C-O product (Scheme 2). Alternatively, the Ni IV species B can 50 When comparing the product yields for complexes 1-3 and the various oxidants employed, the general trend is observed in which the less stable the high-valent Ni species are, the higher are the yields of C-C and/or C-O bond formation products. Overall, these results are very promising, suggesting that with an appropriately tailored multidentate ligand the corresponding organometallic Ni complexes can be oxidized with mild oxidants such as O 2 and H 2 O 2 and promote C-C and C-heteroatom bond formation reactivity that is usually possible only under stringent anaerobic and anhydrous conditions. Interestingly, high-valent Ni-oxo species supported by the multidentate amine ligands have also been reported recently, 56 lending support to the transient species proposed above. It is also important to note that similar reactivity with O 2 and H 2 O 2 has been observed previously for both Pt and Pd complexes. In those cases, the use of appropriate multidentate N-donor ligands was also essential in promoting the oxidation of organometallic Pt [57] [58] [59] 62 While the mechanistic studies reported herein are preliminary and no high-valent oxygenated Ni species have been isolated, this report strongly suggests that appropriately-designed organometallic Ni complexes can be easily oxidized by oxidants such as O 2 and H 2 O 2 in a similar manner to the Pt and Pd species, yet the highvalent Ni species should exhibit increased C-heteroatom reductive elimination reactivity that can be synthetically useful.
Conclusion
In conclusion, we report herein the use of four different pyridinophane ligands to stabilize organometallic Ni complexes, including high-valent Ni species. All isolated complexes were fully characterized and their C-C and C-heteroatom bond formation reactivity investigated. (cycloneophyl) complex yields C-O bond formation products in 41% yield, along with the C-C coupled product for an overall conversion of 94%. Cryo-ESI-MS studies were employed to detect high-valent Ni-oxygen species and a mechanism was proposed for the oxidatively-induced C-C and C-O bond formation reactions. Overall, the ( TsMe N4)Ni II (-cycloneophyl) complex seems to be at the sweet spot of stability vs. reactivity for C-O bond formation, while the ( Ts N4)Ni II (cycloneophyl) complex gives the highest yield of C-C coupled product. All these results are very promising, suggesting that organometallic Ni complexes supported by multidentate ligands can exhibit bioinspired aerobic oxidation chemistry, which could be further developed into catalytic aerobic oxidative transformations.
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